To clarify the effects of storage temperature on potato components and acrylamide in chips, tubers from five cultivars were stored at various temperatures (2, 6, 8, 10, and 18 C) for 18 weeks, and the contents of sugars, free amino acids in tubers, and acrylamide in chips after frying were analyzed. At temperatures lower than 8 C, the contents of reducing sugars increased markedly in all cultivars, with similar increases in the acrylamide level and dark brown chip color. Free amino acids showed little change at the storage temperatures tested and varied within certain ranges characteristic of each cultivar. The contents of reducing sugars correlated well with the acrylamide level when the fructose/asparagine molar ratio in the tubers was <2. When the fructose/ asparagine ratio was >2 by low-temperature storage, the asparagine content, rather than the reducing sugar content, was found to be the limiting factor for acrylamide formation.
Potato tubers contain substantial amounts of acrylamide precursors, free asparagine, and reducing sugars. 8, 9) This may be the reason a high level of acrylamide is detected in certain potato products. Furthermore, it is well-known that low-temperature storage of potato tubers causes an increase in reducing sugars, known as low-temperature sweetening. [10] [11] [12] The increase in sugars results in unacceptable brown-pigmented products with a bitter taste, a result of Maillard reactions during processing of chips and fries. 11, 13) Using the cultivar Toyoshiro, we demonstrated previously that chips made from tubers stored at 2 C for 2 weeks showed an extremely darkbrown color and contained a high acrylamide content, in correlation with the reducing sugar content in the tubers. 14, 15) Moreover, the acrylamide content in the chips began to increase after 3 d of storage at 2 C along with a corresponding browning of the chip color as a result of the increase in reducing sugar content in the tubers. 15) In general, potato tubers for chip processing are stored at temperatures of about 8 to 12 C in order to avoid this increase in sugar content. 16, 17) Low-temperature storage (2) (3) (4) C) inhibits sprouting and storage rotting, especially in long-term storage. 18) Therefore, in recent years, there has been great interest in the development of potato cultivars whose tubers can be processed into chips with acceptable color even after storage at low temperature. 17) We have also been trying to develop such cultivars, as well as storage methods for potatoes to provide high-quality chips with low acrylamide levels.
In this study, we attempted to clarify the following three points: First, we investigated the effects of storage temperature on the contents of sugars and free amino acids in tubers and the acrylamide level in chips after frying. We chose five storage temperatures: 6, 8, and 10 C, as temperatures near the standard storage temperatures of potatoes in crispness processing, 2 C as an extremely low and impractical temperature for the same purpose, and 18 C as a temperature that is not low. We attempted to determine at which temperature the contents of acrylamide precursors in tubers increase, y To whom correspondence should be addressed. Fax: +81-155-62-2926; E-mail: mechie@affrc.go.jp resulting in high levels of acrylamide in chips. Second, we investigated cultivar differences. The following five cultivars were selected: Three chip processing cultivars, Toyoshiro, the major cultivar in Japan; Snowden, a cultivar introduced in the USA with good chip color and recently also used for chips; Hokkai No. 89, an advanced breeding line; and two cultivars used for table potatoes (not usually used for chip processing), Irish Cobbler (Danshaku-imo), a leading cultivar in Japan; and Incano-mezame, a cultivar bred as a new table potato with yellowish-orange flesh (high carotenoid content). We attempted to determine the extent of cultivar differences in the tuber components during storage and their effects on acrylamide levels in chips. Third, we tried to clarify the relationship between tuber components and acrylamide formation in chips from the results of this study, which gave a wider concentration range than in previous studies. 9, [19] [20] [21] [22] 
Materials and Methods
Potatoes (plant material). The genetic characteristics in the four cultivars and one breeding line used in this study were as follows: Toyoshiro, Snowden (a cross between B5141-6 and WISCHIP), and Irish Cobbler belong to the tetraploid species Solanum tuberosum ssp tuberosum. Hokkai No. 89 is derived from R392-50 (a cross between Hudson and Wauseon, the donor of a gene resistant to cyst nematodes), a tetraploid breeding line. Inca-no-mezame is a diploid hybrid derived from a cross between two lines, W822229-5 (a cross between haploid S. tuberosum ssp. tuberosum cv. Katahdin and S. phureja) and P10173-5 (a cross between two haploids of S. tuberosum ssp. andigena). These tubers were planted on April 28, 2003 in a field of the Department of Upland Agriculture, National Agricultural Research Center for Hokkaido Region (Memuro, Hokkaido, Japan), and harvested on September 11 (136 d after planting). Healthy tubers weighing between 100 and 130 g were selected. After curing for 2 weeks at 18 C in the dark, the tubers were stored at 2, 6, 8, 10, and 18 C under 80% relative humidity, and samples for analysis were taken on storage weeks 0, 2, 4, 10, and 18. Four replicates consisting of three tubers each were taken on each sampling date. Each tuber was cut in half longitudinally; one half was used for immediate potato chip preparation, and the other half was chopped crosswise into slices (1 Â 1 cm, 1 mm thick) and frozen at À40 C until used for the extraction of sugars and free amino acids.
Preparation of potato chips and determination of chip color. From half of the tubers for frying, five slices of 1.3 mm thickness (about 20 g) were prepared. Fifteen slices from three tubers of a replicate were washed in water for 100 s and then fried at 180 C in 9 liters of cottonseed oil for 90 s, as reported previously. 15) All 15 chips were crushed into small pieces (about 3 Â 3 mm), and the color of the pieces was analyzed in triplicate with a colorimeter (CR-410, Konica Minolta, Tokyo). 15) Analysis of acrylamide in the chips. After color determination, the concentration of acrylamide in the chips was analyzed by gas chromatography-mass spectrometry (GC-MS) after bromination, as previously described. 14, 15) The chips (5 g) were homogenized in water with internal standard acrylamide-d 3 (Polymer Source, Quebec City, Canada) and centrifuged. The supernatant was applied to a mixed-mode SPE cartridge (ISOLUTE Multimode, 500 mg, International Sorbent Technology, Mid Glamorgan, UK) and eluted with water. The SPE elution was brominated, extracted with ethyl acetate, and injected into the GC-MS system (GCMS-QP2010, Shimadzu, Kyoto, Japan). Product ion peaks of 2,3-dibromopropanamide derived from acrylamide at m=z 150 and 152, and from acrylamide-d 3 at m=z 153 and 155 were monitored by selected ion monitoring (SIM) for quantification.
Analysis of sugars in the tubers. The extraction and determination of sugars were carried out as previously described. 23) Frozen tuber slices (about 10 g fresh weight) were homogenized in 80% (v/v) ethanol, and the sugars in the homogenate were extracted at 80 C for 1 h. After centrifugation, the supernatant was dried, dissolved in distilled water, and passed through a membrane filter (0.2 mm Omnipore, Millipore, Tokyo). The concentrations of sugars in the filtrate were determined by HPLC (SC-8020, Tosoh, Tokyo) with a TSKgel Amide-80 column (4:6 Â 250 mm, Tosoh) and an RI detector (RI-8020, Tosoh). Quantification of sugars in the samples was performed by standardization with external fructose, glucose, and sucrose (Wako, Osaka, Japan).
Analysis of free amino acids in the tubers. The extraction and determination of free amino acids were carried out as previously described. 15) Frozen tuber slices (about 10 g fresh weight) were homogenized in 40 ml of 80% (v/v) ethanol, and the amino acids in the homogenate were extracted at room temperature for 1 h. The extract was passed through two layers of filter paper, and the filtrate was dried. The dried sample was dissolved in 10 ml of 0.25 mol/l lithium citrate buffer (pH 2.2, Wako, Osaka, Japan) and loaded on an equilibrated Sep-Pak C18 cartridge (Waters, Milford, MA). Equilibration was performed by activation with 1 ml of methanol and then washing with 1 ml of citrate buffer. After the sample was loaded on the equilibrated cartridge, the first 1 ml of eluting was discarded before the eluting sample was collected. The sample was passed through a 0.45 mm olefine-polymer filter (Kurabou, Osaka, Japan) before HPLC analysis. The concentrations of asparatic acid, asparagine, glutamic acid, and glutamine in the filtrate were determined by HPLC (LC-10A amino acid analysis system, Shimadzu, Kyoto, Japan) with a Shim-pack Amino-Li column (6 Â 100 mm, Shimadzu) using the ortho-phthalaldehyde (OPA) method.
Results and Discussion
Effects of storage temperature on the contents of tuber components and acrylamide in chips
The major sugars in potato tubers are fructose, glucose, and sucrose.
11) The effects of storage temperature on the contents of these sugars, amino acids (aspartic acid, asparagine, glutamic acid, and glutamine) in tubers, and acrylamide in chips are shown in Figs. 1 (Toyoshiro), 2 (Snowden), and 3 (Inca-no-mezame). Irish Cobbler and Hokkai No. 89 showed similar component change patterns to those of Toyoshiro and Snowden respectively (data not shown). The sugar contents of the tubers increased markedly at temperatures lower than 8 C for all cultivars even under 2 weeks of storage. The acrylamide content in the chips changed similarly to the sugar content, especially the reducing sugar content. For Inca-no-mezame, the sucrose content in the tubers stored at 18 C was very high after 18 weeks, but the acrylamide level was as low as those in the other cultivars. Sucrose is known to generate acrylamide in the presence of asparagine at 180 C or higher in model studies, 5, 6) but Amrein et al. 9) reported that fructose and glucose are far more efficient than sucrose in forming acrylamide in potato chips. Becalski et al. 19) reported that the relative activity of sucrose, as well as other reducing sugars, in acrylamide formation might be influenced by temperature, at least in some systems. One of the reasons for temperature dependence is that sucrose cannot react with asparagine directly, since it needs first to undergo decomposition to reactive carbonyl compounds (sucrose has a melting point of [190] [191] [192] C but starts to undergo decomposition at >150 C). The low acrylamide level in chips from Inca-no-mezame stored for 18 weeks at 18 C (Fig. 3 ) suggests that sucrose in the potato tubers hardly contributes to acrylamide formation during chip processing under the conditions of this study.
Interestingly, after 2 weeks of storage, the reducing sugar contents were higher for tubers stored at 6 C than for those at 2 C for Snowden (Fig. 2) and Hokkai No. 89 (data not shown). For Toyoshiro (Fig. 1) , Incano-mezame (Fig. 3) , and Irish Cobbler (data not shown), the reducing sugar contents at 6 C were similar to those at 2 C. These reducing sugar contents were reflected in the higher or similar acrylamide levels at 6 C as compared to 2 C for each cultivar. After 4 weeks or longer, the sugar and acrylamide levels were higher at 2 C than at 6 C for all cultivars. The results after 2 weeks of storage might be related to the cultivars having different sensitivities to the temperature shift. In this study, we transferred the tubers to the prescribed temperatures immediately after curing at 18 C. In a separate experiment, when the storage temperature was decreased gradually from 18 C to 10 C over 4 weeks, the chips tended to show lower levels of acrylamide than tubers transferred immediately to 10 C (data not shown). We are currently investigating the influence of gradual adjustment to the storage temperature on tuber components as compared with immediate adjustment Each data value is presented as the mean AE SD (n ¼ 4).
using several cultivars. The results will be reported in a future paper.
Among the four amino acids tested, asparagine was the most abundant in all cultivars, and it varied within a certain range characteristic for each cultivar. Inca-nomezame had a larger amount of asparagine than the other cultivars. No significant differences in the contents of the four amino acids were found among storage temperatures for Toyoshiro and Snowden. For Inca-nomezame, the contents of asparagine and glutamine were slightly higher than the other cultivars at 6 and 8 C after 2 weeks of storage. After18 weeks of storage at 6 C, the contents of asparagine, glutamine, and glutamic acid were also higher than in the other cultivars, but these Each data value is presented as the mean AE SD (n ¼ 4).
differences were not reflected in the acrylamide levels in this cultivar.
Cultivar differences in tuber components and their effects on acrylamide levels in the chips
Tubers stored at 2 C showed marked differences in sugar contents among cultivars. The changes in sugar contents in tubers during storage over 18 weeks at 2 C, and the corresponding acrylamide levels in chips, are shown for Toyoshiro, Snowden, and Inca-no-mezame in Fig. 4 . For Toyoshiro, the sucrose content increased until 2 weeks, then decreased and remained constant afterwards. Fructose and glucose increased until 4 weeks and then the rate of increase decreased. Irish Cobbler showed a similar trend in changing sugar levels to that of Toyoshiro (data not shown). For Snowden, the sugar level stopped increasing later than in the case of Toyoshiro. Hokkai No. 89 showed a sugar change pattern similar to Snowden (data not shown). In Inca-nomezame, on the other hand, the sucrose content increased further between 10 and 18 weeks, while reducing sugars remained at levels lower than those in other cultivars. Previously we reported that there are three types of change in sugar content among cultivars for tubers stored at 4 C: type-1, increased levels of reducing sugars during storage; type-2, a trend similar to that of type-1 but with much lower levels of reducing sugars throughout storage; and type-3, an increase in sucrose but not in reducing sugars. 23) Toyoshiro, Snowden, Irish Cobbler, and Hokkai No. 89 can be classified into type-1. Inca-no-mezame showed a trend consistent with type-3.
The changes in the level of acrylamide in chips after frying paralleled the changes in reducing sugars for all cultivars during 4 weeks of storage at 2 C. After 10 and 18 weeks, Inca-no-mezame showed higher acrylamide levels than Toyoshiro or Snowden, although the levels of reducing sugars for Inca-no-mezame were lower than those for Toyoshiro or Snowden. As noted above, Incano-mezame had a larger amount of asparagine than the other cultivars, which appeared to affect the acrylamide level after 10 weeks of storage. Olsson et al. 20) reported that during long-term storage at 3 C, large genotypic differences in the contents of glucose and asparagine were observed. Glucose increased to different extents among cultivars, and asparagine varied within certain ranges characteristic of each cultivar. Our results also showed large differences in the extent of sugar level increase among cultivars at 2 C storage, and variations in asparagine content with the ranges characteristic of each cultivar.
Analysis of the relationship between levels of tuber components and acrylamide in chips
Using all the data obtained (n ¼ 387), we analyzed the relationship between levels of tuber components and acrylamide in chips. The levels of reducing sugars correlated well with the level of acrylamide: fructoseacrylamide and glucose-acrylamide correlations were R 2 ¼ 0:6968 (Fig. 5) and R 2 ¼ 0:6988 respectively (P < 0:001). These values were lower, however, than the values, 0.873 and 0.836, reported in our previous paper for Toyoshiro stored over a shorter period at 2 and 18 C. 15) As shown in Fig. 5 , the acrylamide level plateaued at high fructose levels, at over approximately 6 mg/g FW, which arose from storage of tubers at 2 C. When the coefficient of determination for correlation between fructose and acrylamide levels was analyzed for each cultivar, differences among cultivars were observed: Toyoshiro, high (47.8 mg/g of chips), and did not plateau. The existence of a higher acrylamide level despite a lower level of reducing sugars for this cultivar is thought to be due to its higher asparagine content (Fig. 3) as compared with the other cultivars.
For sucrose, the correlation with acrylamide in chips was very weak, R 2 ¼ 0:2397 (n ¼ 387, P < 0:001). The reason for this weak correlation was the low acrylamide level in the tubers of Inca-no-mezame stored at 18 C for 18 weeks, which had a very high sucrose content, as mentioned above (Fig. 3) . Another reason is that tubers of all cultivars had low acrylamide levels despite a very high sucrose content after 2 weeks of storage at 2 C. This indicates again that the contribution of sucrose to the formation of acrylamide in potato chips is not high.
The amino acid levels of asparagine (R 2 ¼ 0:0130), glutamine (R 2 ¼ 0:0007), and glutamic acid (R 2 ¼ 0:0791) were not significantly correlated with the acrylamide level (P < 0:05), although aspartic acid (R 2 ¼ 0:3296) was weakly correlated (P < 0:001). Amrein et al. 9, 21) and Becalski et al. 19) reported that the correlation between levels of components in tubers and the acrylamide level in chips increased slightly when asparagine content was included with the reducing sugars. We analyzed our data using Amrein's formula, (0.5 Â glucose + fructose) Â asparagine, in which glucose is weighted at half of fructose based on their relative efficiencies in acrylamide formation. The improvement in the correlation was very small, R 2 ¼ 0:7037, compared with the value R 2 ¼ 0:923 observed in our previous study, 15) indicating a large variation due to five cultivars and five storage temperatures.
In regard to chip color, our previous study showed that L Ã (lightness) was strongly correlated with the acrylamide content. 15) In this study also, the coefficient of determination between L Ã and the acrylamide content was high, R 2 ¼ 0:8708 (n ¼ 387, P < 0:001). Chips with an extremely dark-brown color (L Ã less than about 54), which had high acrylamide contents, were derived from tubers stored at temperatures lower than 8 C for all cultivars.
Limiting factor for acrylamide formation Several model studies [4] [5] [6] [7] have shown that significant amounts of acrylamide are generated from equimolar amounts of glucose and asparagine, but Becalski et al. 19) reported that acrylamide formation in French fries appears to be favored by an excess of sugars. Their model study showed that acrylamide formation is enhanced when the ratio of glucose to asparagine is !1. We selected an extremely low temperature of 2 C for cold storage to investigate the relationship between levels of components in tubers and acrylamide in chips Figure 6 shows the ratio of conversion of asparagine to acrylamide as a function of the molar ratio of fructose to asparagine. Up to a fructose/asparagine ratio of about 2, the more fructose present, the more acrylamide that was formed. But when the ratio exceeded 2, the acrylamide/asparagine ratio hardly increased. We obtained the regression lines for these data, y ¼ 0:00945x and y ¼ 0:0196. The changeover point was observed at a fructose/asparagine ratio of 2.074 and an acrylamide/asparagine ratio of 0.0196, indicating that up to about 2% of the asparagine in the tubers was converted into acrylamide by frying in this study. Model studies, which adopted an equimolar amount of asparagine and glucose or fructose, have reported that the yield of acrylamide from asparagine with reducing sugar was about 0.1% (see review 24) ). The higher conversion of asparagine to acrylamide in this study can be explained by the higher ratio of reducing sugars to asparagine content than in previous studies.
Then we separately examined the correlations between the levels of tuber components and acrylamide in chips at fructose/asparagine ratios lower than 2 ( Fig. 7A and B, n ¼ 332) and greater than 2 ( Fig. 7C and D , n ¼ 55). A significant correlation between asparagine and acrylamide levels (R 2 ¼ 0:6799, P < 0:001) appeared on data sets in which the fructose/asparagine ratio was higher than 2 (Fig. 7D) . Moreover, when the data for fructose/asparagine ratios greater than 2 was excluded, the correlation between fructose and acrylamide levels improved to R 2 ¼ 0:8095 (Fig. 7A) . These results suggest that when the levels of reducing sugars are more than twice of the level of asparagine, which in the present study was mainly for tubers stored at 2 C for 4 weeks or longer, the asparagine content, rather than the reducing sugar content, is the limiting factor for acrylamide formation.
In this study, we found that storage temperatures lower than 8 C increased the reducing sugar content in potato tubers, resulting in an increase in acrylamide level in chips after frying. By testing a wide range of sugar and asparagine contents, we were able to obtain a detailed picture of the relationship between tuber components and acrylamide formation in chips.
For all cultivars, chips made from tubers stored at temperatures lower than 8 C had high acrylamide contents. These chips had a dark-brown color, with L Ã (lightness) under about 54, and were unsuitable as commercial products. Potatoes for chip production are not stored at low temperatures, 16, 17) and companies processing chips usually measure chip color and discard discolored or burned chips before packing. 25) Chips with such a high acrylamide level, therefore, do not reach the market. However, low-temperature storage (2-4 C) is advantageous in inhibiting sprouting and storage rot, especially in long-term storage. 18) For this reason, recently there has been great interest in the development of potato cultivars whose tubers can be processed into chips with acceptable color even after low-temperature storage. 17) No such cultivars were identified in this study. But the diverse response of the cultivars to storage temperature indicates that monitoring of asparagine content together with sugar contents in various potato genotypes can provide useful information in the development of new cultivars for chip production. We are currently involved in analytical studies similar to this study for about 50 cultivars and breeding lines. A and B, data for fructose/asparagine molar ratios lower than 2 (n ¼ 332); C and D, data for ratios higher than 2 (n ¼ 55). R 2 = coefficient of determination.
